Mice deficient for the homeobox gene Six1 display defects in limb muscles consistent with the Six1 expression in myogenic cells. In addition to its myogenic expression domain, Six1 has been described as being located in digit tendons and as being associated with connective tissue patterning in mouse limbs. With the aim of determining a possible involvement of Six1 in tendon development, we have carefully characterised the non-myogenic expression domain of the Six1 gene in mouse and chick limbs. In contrast to previous reports, we found that this non-myogenic domain is distinct from tendon primordia and from tendons defined by scleraxis expression. The non-myogenic domain of Six1 expression establishes normally in the absence of muscle, in Pax3 K/K mutant limbs. Moreover, the expression of scleraxis is not affected in early Six1 K/K mutant limbs. We conclude that the expression of the Six1 gene is not related to tendons and that Six1, at least on its own, is not involved in limb tendon formation in vertebrates. Finally, we found that the posterior domain of Six1 in connective tissue is adjacent to that of the secreted factor Sonic hedgehog and that Sonic hedgehog is necessary and sufficient for Six1 expression in posterior limb regions. q
Introduction
Six genes were originally isolated in mouse by homology to the Drosophila homeobox-containing gene, sine oculis (so) (Oliver et al., 1995) . The Six proteins share two highlyconserved regions, a Six domain and a Six-type homeodomain, which are located adjacently and are required for DNA binding activity (Kawakami et al., 2000) . In mammals, six members of the family have been identified, which can be divided into three subclasses based on sequence conservation in the homeodomains and the Six domains of each gene: Six1,2; Six3,6 and Six4,5 (Seo et al., 1999) . The Six1 gene displays a wide expression pattern during mouse embryonic development. Six1 is detected in multiple derivatives of the three embryonic layers: ectoderm (otic and nasal placodes, Rathke's pouch and dorsal root ganglia), mesoderm (branchial arches, nephrogenic cords, somites and limbs) and endoderm (pharyngeal pouch endoderm) (Oliver et al., 1995; Xu et al., 2002; Laclef et al., 2003a,b) . In adult vertebrates, Six1 gene is detected in fast-type skeletal muscles and is able to reprogram slowtwitch oxidative muscle fibers towards a fast-twitch glycotic phenotype (Grifone et al., 2004) . Six1-deficient mice display various embryonic defects consistent with its multiple expression sites (Laclef et al., 2003a,b; Xu et al., 2003; Zheng et al., 2003; Li et al., 2003; Ozaki et al., 2004) . In particular, Six1-deficient mice display impaired limb muscle formation (Laclef et al., 2003a; Li et al., 2003) . The Six1 gene appears to be necessary for MyoD and myogenin activation in mouse limbs (Laclef et al., 2003a) . In mouse limbs, in addition to its expression in muscle cells, the Six1 gene is expressed in connective tissues (Oliver et al., 1995; Laclef et al., 2003a; Dreyer et al., 2004) . It has been reported that Six1 and Six2 are expressed in a complementary fashion during the development of mouse limb tendons, Six1 being located with dorsal extensor tendons, while Six2 is located in ventral flexor tendons of the digits (Oliver et al., 1995; Dreyer et al., 2004) . In vertebrate limbs, tendons and muscles have a distinct mesodermic origin: tendon cells originate from lateral plate mesoderm while myogenic cells derive from somites (Christ et al., 1977) . Confocal analysis in chick limbs has shown that muscle and tendon morphogenesis occurs in close spatial and temporal association (Kardon, 1998) . In addition, classical embryological studies in avian embryos have highlighted reciprocal interactions between muscles and tendons, during limb development: tendon primordia influence the position of muscles and then muscles are necessary for late tendon development (Kieny and Chevallier, 1979; Kardon, 1998; Edom-Vovard and Duprez, 2004) . Due to the close association between muscles and tendons during limb development, we wondered whether the non-myogenic expression domain of Six1 might be responsible for the muscle phenotype observed in Six1-deficient mice (Laclef et al., 2003a; Li et al., 2003) . In addition, we also investigated the function of the non-myogenic expression domain of Six1 in early tendon formation in limbs. In order to answer these questions, we first defined the non-myogenic expression domain of Six1 in mouse and chick limbs. We then analysed its behaviour in the absence of muscles in limbs from Pax3 K/K mutant mice. Finally we analysed tendon formation in Six1 K/K deficient mice. We conclude that Six1 is neither expressed in tendons nor required for tendon formation. However, Six1 is expressed in posterior limb regions and this expression is regulated by Sonic hedgehog.
Results

Comparison of the expression domains of the Six1 and Scleraxis genes in mouse and chick limbs
In order to characterise the non-myogenic expression domain of the Six1 gene in vertebrate limbs, we compared its expression with that of the bHLH transcription factor scleraxis, a marker of tendons and tendon primordia (Schweitzer et al., 2001 ). In E12.5 mouse and E6.5 chick limbs, scleraxis is known to label the tendon primordia (Schweitzer et al., 2001) . At these stages, muscle masses and tendon primordia undergo numerous spatial rearrangements (Edom-Vovard and Duprez, 2004) . In E12.5 mouse limbs, we observed that the Six1 gene displays an expression pattern distinct from that of scleraxis (Fig. 1) . At the digit level, Six1 transcripts are located more closely to cartilage elements, Fig. 1 . Characterisation of the non-myogenic expression domain of Six1 in E12.5 mouse embryonic limbs. E12.5 mouse hindlimbs were transversely sectioned from distal to proximal regions. (A-C), (D-F) and (G-I) correspond to foot, ankle and shank levels, respectively. Adjacent sections from each proximo-distal level were hybridized with the DIG-labelled antisense probes (blue) for Six1 (A,D,G), scleraxis (B,E,H) and MyoD (C,F,I). (B,E,H), In situ hybridizations with scleraxis probe were followed by immunohistochemistry with the MF20 antibody recognising isoforms of myosin heavy chains. At all proximo-distal levels, the non-myogenic expression domain of Six1 differs from that of scleraxis. Posterior is to the left, dorsal to the top. a, anterior; p, posterior. while scleraxis transcripts are located underneath the ectoderm (Fig. 1A-C) . We did not observe any enhancement of expression of Six1 in the dorsal limb regions, contrary to previous reports (Oliver et al., 1995; Dreyer et al., 2004) . In contrast, Six1 is strongly expressed in the posterior mesenchyme (Fig. 1D ,G, arrows), although there is also a less intense anterior domain (Fig. 1G, arrowhead) . As previously described in mice (Laclef et al., 2003a) , Six1 transcripts are detected in myogenic cells of dorsal and ventral muscle masses (Fig. 1D,G) , with an expression domain similar to that of MyoD (Fig. 1F,I ). Since there is no report to date of Six1 expression in the chick limb, we also analysed Six1 expression in chick limb connective tissue. The Six1 gene displays a complex expression pattern in E6 chick wings, with no increase of expression in dorsal regions ( Fig. 2A,B) . Based on adjacent sections, Six1 expression does not match that of scleraxis (Fig. 2C-L) . At a digit level, Six1 is located underneath the ectoderm and surrounding the posterior cartilage elements (Fig. 2C,I ), bracketing the expression of scleraxis (Fig. 2D,J) . As in mouse distal limbs, Six1 expression is enhanced posteriorly in chick limbs, while scleraxis shows no similar enhancement ( Fig. 2A-F) . In the forearm, Six1 transcripts are clearly detected in muscle masses, while those of scleraxis are detected in forming tendons (Fig. 2G ,H,K,L), although we did observe some overlap of both expressions in the vicinity of the ulna (Fig. 2K,L) . In summary, when tendons and muscles are forming, Six1 and scleraxis display distinct regions of expression in mouse and chick limbs.
In order to exclude a later expression of Six1 in formed tendons, we also compared Six1 and scleraxis expression when muscle splitting and tendon organisation is complete. At the digit level, Six1 transcripts were located adjacent to those of scleraxis and did not overlap with them in digit tendons of E13.5 mouse (Fig. 3A-D) or of E8 chick (Fig. 4A,B) limbs. We observed some overlapping expression of both genes, in proximal autopods of mouse and chick limbs, near cartilage regions that could correspond to ligaments D) . But since the analysis did not have cellular resolution, we cannot exclude that the expression is in different cells. In zeugopod regions, Six1 transcripts were clearly not detected in scleraxis expression regions in mouse or chick tendons (Figs. 3H-K and 4E-H). At these stages, Six1 expression was less intense in posterior connective tissue. However, Six1 transcripts were still observed in individual mouse and chick muscles (Figs. 3I, J and 4G, H) . Immunohistochemistry experiments with the MF20 antibody on transverse and longitudinal sections from E8 or E10 chick and E13.5 mouse limbs showed that Six1 transcripts were located both in and around myosinpositive cells (Figs. 3I and 4G and data not shown). We found no evidence of any Six1 expression in limb tendons later in development in E10 chick and E18.5 mouse (data not shown). Using Cek-8 as another marker of digit tendons (Patel et al., 1996) , we observed no overlapping expression between Cek-8 and Six1 in chick distal limbs (data not shown). In summary, we found similar results in mouse and chick: Six1 was not expressed in digit tendons (Figs. 3 and 4) , in contrast to what was reported previously in mouse limbs (Oliver et al., 1995; Dreyer et al., 2004) , or in tendon primordia (Figs. 1 and 2). . Six1 transcripts are not located in chick limb tendons. E8 chick wings were transversely sectioned from distal to proximal regions: distal digit (A,B), proximal digit (C,D) and forearm (E,F) levels, respectively. Sections were hybridized with the DIG-labelled antisense probes (blue) for Six1 (A,C,E,G) or scleraxis (B,D,F,H) and then incubated with the MF20 antibody in order to visualise muscles. (G,H) Four-fold enlargements of the FCU (Flexor Carpi Ulnaris), the posterior-ventral muscle, from panels (E,F), respectively. Arrows in (C,G) indicate the absence of Six1 expression in the tendons visualised with the scleraxis expression sites also arrowed in (D,H). The arrowheads in (C,D) highlight overlapping expression of Six1 and scleraxis around the cartilage. II,III,IV indicate the digit identity. U, ulna, r, radius. Posterior is to the left, dorsal to the top. a, anterior; p, posterior.
However, the Six1 expression sites were close to digit tendons in mouse and chick limbs.
The Six1 expression domain in connective tissue is independent of muscle
We next analysed the behaviour of the non-myogenic expression domain of Six1 in the absence of muscles. We took advantage of the existence of Pax3 mutant mice, in which limbs form with no muscle (Bober et al., 1994; Goulding et al., 1994; Relaix et al., 2003) . We analysed the expression domain of Six1 in E11.5 (data not shown), E12.5 and E13.5 (Fig. 5) limbs from Pax3 K/K mutant mice. The myogenic domain of Six1 was clearly absent from those limbs, due to the absence of myogenic cells (Fig. 5; Oliver et al., 1995) . However, the non-myogenic expression domain of Six1 was detected normally in Pax3 K/K E12.5 limbs (Fig. 5A ,C,E), compared to the equivalent sections of a normal limb (Fig. 1A ,D,G). In Pax3 K/K E12.5 limbs, the scleraxis expression (Fig. 5B ,D,F) was also similar to that in normal limbs (Fig. 1B ,E,H), consistent with the early muscle-independent phase of scleraxis expression (Schweitzer et al., 2001; Edom-Vovard et al., 2002) . However, in Pax3 K/K E13.5 limbs, scleraxis expression was down-regulated in tendons (Fig. 5H, arrows) , although still faintly detected in a ventral tendon (Fig. 5H , arrowhead), compared to a stage-matched normal limb (Fig. 5J , arrows and arrowhead). The down-regulation of scleraxis expression is consistent with the late phase of tendon development, which is muscle-dependent in avian limbs (Kardon, 1998; Edom-Vovard et al., 2002) . The disappearance of the tendon marker tenascin has been described to occur progressively from proximal to distal regions, in the absence of muscle in chick limbs (Kardon, 1998) . Consistent with this, although scleraxis expression is down-regulated in the proximal regions, its expression is still detected in distal digit tendons in Pax3 K/K E13.5 limbs (data not shown). In contrast, in the absence of muscle, in Pax3 K/K E13.5 limbs, we did not observe any difference in the non-myogenic domain of Six1 expression along the proximal-distal axis. We detected Six1 expression in the posterior domain similar to its expression in a control limb (Fig. 5G,I , red arrows). This implies that the posterior domain of Six1 does not depend on the presence of muscles unlike scleraxis in tendons. Pax3 K/K mutant mice die around E14.5, making it difficult to analyse the muscle dependency of Six1 and of scleraxis expression at later stages. In summary, the non-myogenic domain of Six1 is not affected until E13.5 in limbs from Pax3 K/K mutant mice, in contrast to that of scleraxis in tendons.
Analysis of scleraxis expression in Six1-deficient mice
Given the proximity of the Six1 expression domain to the scleraxis domain in autopods, we next tested whether expression of Six1 in connective tissue could have an influence on tendon formation. We analysed scleraxis expression in limbs from Six1-deficient mice. Scleraxis expression was not affected by the absence of muscles in E12.5 limbs of Pax3 K/K mutant mice (Fig. 5B,D,F) . Consequently, the important diminution of muscle masses observed in E12.5 Six1 K/K limbs (Laclef et al., 2003a ) is unlikely to have any consequence on scleraxis expression. We therefore analysed the consequences of the absence of the non-myogenic expression domain of Six1 for scleraxis expression in limbs of E12.5 Six1 K/K mutant mice. We observed that the scleraxis expression domain was not modified in forelimbs (data not shown) or hindlimbs of E12.5 Six1 K/K mutant mice, anywhere along the proximodistal axis (Fig. 6A,C,E ), compared to its normal expression (Fig. 1B,E,H) . As previously reported (Laclef et al., 2003a) , MyoD expression was down-regulated in E12.5 limbs of Six1 mutant mice (Fig. 6B,D,F) . It is difficult to analyse later effects of the absence of the non-myogenic domain for tendon formation, since the diminution or the absence of muscles in the Six1 K/K limbs (Laclef et al., 2003a ) would on its own explain a down-regulation of scleraxis expression. However, analysis of tendons in limbs of E18.5 Six1 K/K mutant mice revealed no alteration in tendons attached to the residual muscles (data not shown, Laclef et al., 2003a) . We conclude that the absence of Six1 expression in limb connective tissue does not have any influence on scleraxis expression and tendon formation.
Sonic hedgehog is sufficient and necessary for Six1 expression in posterior limbs
Expression of Six1 in limb connective tissue was mainly located in distal posterior regions of mouse limbs (Fig. 1D,G ) and chick limbs ( Fig. 2A,B) . This limb posterior region could include the zone of the polarising activity (ZPA), the region responsible for the formation of the antero-posterior, (a-p) axis during embryonic development (Tickle, 2003) . Sonic hedgehog, (Shh) localised in the ZPA, is a secreted factor mimicking the effect of the ZPA grafts (Riddle et al., 1993) . The wing posterior domain of Six1 transcripts is first detected at stage HH17/18 (Fig. 7A ) at a similar time to Shh transcripts in the ZPA, (Fig. 7B , Riddle et al., 1993) . In fact, the timing of expression of both genes in limb posterior region was strikingly linked, since we were unable to detect one gene expressed before the other. The Six1 expression domain was larger and extended further anteriorly than that of the Shh (Fig. 7A-C) . Comparison of the Six1 and Shh expression domains in transverse sections of HH22 chick wings clearly showed that Six1 transcript location was just anterior to the Shh expression domain (Fig. 7D,E) . Moreover, analysis of Six1 expression in transverse sections from mouse E11.5 hindlimbs showed that Six1 did not reach the posterior part of the limbs (Fig. 7F) . The timing and the close proximity of the expression domains of the Six1 and Shh genes in limbs suggested a correlation between these genes. We therefore evaluated whether Shh controls Six1 expression, by implanting Shh-expressing cells into anterior regions of chick limbs. Application of Shh-expressing cells to anterior margins of HH19/20 (E3) wings led to wings showing digit duplication at E10 (Duprez et al., 1999) . We found that Shh-expressing cells induced ectopic expression of Six1 in anterior regions of the limbs after 24 h ( Fig. 7G ; nZ7 out of 7) and 48 h (nZ5 out of 5, data not shown) but not at 4 h (nZ4 out of 4, data not shown). These results show that Shh is sufficient for Six1 expression. Interestingly, the ectopic expression of Six1 appeared proximal to the grafts (Fig. 7G) , suggesting that there is no requirement for the apical ectodermal ridge for the ectopic Six1 expression. Conversely, in order to establish whether Shh is required for Six1 expression in limb posterior regions, we analysed Six1 expression in limbs from Shh-deficient embryos (Chiang et al., 1996) , using the LacZ reporter inserted at the Six1 locus (Laclef et al., 2003a) . The myogenic expression of Six1 was detected in limbs from E11 Shh-deficient embryos (Fig. 7H,I ), consistent with the normal migration of muscle precursor cells observed in Shh mutant mice (Kruger et al., 2001 ). However, we observed a clear absence of X-gal staining in distal posterior limb regions in E11 Shh-deficient mice, while this posterior expression domain was clearly seen in E11 control limbs (Fig. 7H,I , arrows); showing that Shh is required for the Six1 expression in posterior connective tissue in limbs.
Discussion
Six1 is not a marker of tendon primordia and tendons in vertebrate limbs
Six1 has been reported as being largely restricted to the dorsal extensor tendons of the digits in mouse embryos (Oliver et al., 1995; Dreyer et al., 2004) . Based on Scleraxis expression, we found that Six1 is not expressed in tendon primordia or in formed tendons in mouse limbs. We found similar results in chick limbs. In addition, we did not observe any increase of dorsal expression of the Six1 gene in chick or mouse limbs, in contrast to previous reports in mouse (Oliver et al., 1995; Dreyer et al., 2004) . We did not perform detailed analysis of Six2 expression, but, given the pictures shown in Oliver et al. (1995) and in Dreyer et al. (2004) , we believe that Six2 is likely to have an expression pattern similar to that of scleraxis and to be expressed in digit tendons. Although Six1 expression is not located in digit tendons, Six1 is located in connective tissue, in contact with the developing digit tendon.
Limb tendon formation is independent of the presence of Six1
The absence of Six1 does not influence tendon formation, since we observed that scleraxis expression is normally detected in E12.5 limbs and that tendons appear normally attached to the residual limb muscles of Six1-deficient mice. However, we cannot totally exclude the existence of a late tendon phenotype in limbs of Six1-deficient mice. Due to the muscle dependency of late tendon formation (Kardon, 1998; Edom-Vovard and Duprez, 2004) , the analysis of late tendon formation in limbs in Six1 K/K mutant mice, which display a severe limb muscle phenotype (Laclef et al., 2003a) , is quite difficult. The analysis of tendon development in Six1-conditional mutant mice specific for limb connective tissue should clarify this point. Compensation mechanisms could occur among the Six family members. Six4 and Six5 genes appear to be located in similar expression sites to the Six1 gene (Esteve and Bovolenta, 1999; Klesert et al., 2000; Ozaki et al., 2001) , although the expression analyses have not been performed precisely in limb connective tissues. Moreover, Six1 shares a DNA-binding specificity with Six2, Six4 and Six5 (Spitz et al., 1998; Ohto et al., 1999) . However, we did not observe additional limb defects in Six1/Six5 double mutant mice compared to Six1-deficient mice (Laclef et al., in preparation) . In addition, scleraxis expression is initiated normally in limbs in Six1/Six4 mutant mice (Grifone et al., in preparation) . In attempting to understand the role of Six1 in limb connective tissue, it will be necessary to take into account its nuclear co-factors, Eya1-4 and Dach1-2 proteins, which altogether form a synergistic nuclear complex Ohto et al., 1999; Ikeda et al., 2002; Li et al., 2003) . Each of these factors displays complex expression patterns in multiple organs, making it difficult to decide uniquely on this basis, which one(s) is (are) potential partner(s) of Six1 protein in limb connective tissue, although Eya1 and Eya2 could be potential candidates, since they have been reported to be associated with distal limb tendons in mouse (Xu et al., 1997) . Combinations of Six, Eya and Dach have nevertheless been implicated in chick somite myogenesis, where Six1 has been shown to cooperate with Eya2 and Dach2 Kardon et al., 2002) . In adult muscles, Six1 and Eya1 act as a transcriptional complex in fast-type muscle fibres (Grifone et al., 2004) . Analysis of limb tendon formation in various combinations of Six, Eya or Dach double or even triple knockout mice could allow us to understand the compensations between the Six genes and to identify the functional partners. Given the absence of early tendon defect in limbs from Six1-deficient mice, it can be conclude that the myogenic phenotype observed in limbs of Six1 K/K mutant mice is not a consequence of a tendon defect.
Shh is necessary and sufficient for Six1 expression in posterior connective tissue in limbs
We deduced that the non-myogenic limb posterior domain of Six1 is linked to the Shh signalling pathway for the following reasons: (1) Six1 transcripts are found just anterior to those of Shh in limb posterior mesenchyme, (2) application of Shh to anterior regions of the limbs induces ectopic Six1 expression and (3) the distal and posterior expression of Six1 is lost in Shh K/K limbs. This is reminiscent of the relationship between Hh and so in Drosophila eye development where Hh is located posterior to so expression domain in the eye disc and Hh is required for so expression although not directly (Curtiss and Mlodzik, 2000; Chang et al., 2001 ). However, it should be noted that limbs from Six1-deficient mice do not display any digit identity defect, indicating that Six1 on its own is not required for correct specification of digits along the a-p axis (Laclef et al., 2003a ; data not shown). Here again, any role of Six1 in limb a-p axis formation is probably compensated for by the presence of (an)other Six gene(s) or requires specific co-factors. The co-factor, Dach1 could be a good partner, since it has been reported to be located in both posterior and anterior mesenchyme of mouse and chick limbs (Hammond et al., 1998; Caubit et al., 1999; Davis et al., 1999; Ayres et al., 2001; Heanue et al., 2002) .
The link between Shh signalling and Six1 in the limb differs from the inner ear, where despite phenotypic similarities in Six1-and Shh-deficient mice, Shh signalling pathway appears to be independent of Six1 and, conversely, Six1 expression in otic vesicles is also independent of Shh signalling pathway (Ozaki et al., 2004) . However, there are obviously similarities between Shh and Six1 concerning cell proliferation. Shh is known to activate limb cell proliferation, since overexpression of Shh dramatically increases the size of the limb (Duprez et al., 1998; Amthor et al., 1998) and, conversely, mice deficient for Shh or for Shh signalling components consistently display general growth defects, including defects in limbs (Chiang et al., 1996; Milenkovic et al., 1999; Kruger et al., 2001) . One attractive hypothesis is that Shh in the posterior limb could activate proliferation of the adjacent connective tissue, through the activation of Six genes. Several studies link human SIX1 to the cell cycle as well as to tumor progression, such as breast cancer and rhabdomyosarcoma (Ford et al., 1998 (Ford et al., , 2000 Coletta et al., 2004; Yu et al., 2004) . Interestingly, Six1 has recently been described as being involved in cell proliferation during mammary gland development through the activation of the cyclin A1 (Coletta et al., 2004) and overexpression of Six1 in wild-type mouse embryonic fibroblast increases cell proliferation (Coletta et al., 2004 ). In conclusion, we have found an unexpected link between Shh signalling and Six1 in vertebrate limbs.
Experimental procedures
Chick embryos
Fertilised chick eggs from commercial sources were incubated at 37 8C. At E2, embryos were staged according to somite number (Christ and Ordahl, 1995) . Embryos from E3 to E5 were staged according to Hamburger and Hamilton (HH) (1992) , while old embryos were staged according to days in incubation.
Wild type mice, Pax3-, Six1-and Shh-deficient mutant mice
The generation of the Six1 and the Pax3 knockout mice were previously described (Laclef et al., 2003a; Relaix et al., 2003) . The Shh-deficient mice (Chiang et al., 1996) were crossed with the Six1-LacZ mice (Laclef et al., 2003a) in order to visualize Six1 expression in the absence of Shh actvity. Mouse embryos were collected after natural overnight matings; for staging, fertilization was considered to take place at 6 a.m. Embryos were dissected in PBS and fixed in 4% paraformaldehyde (PFA) at 4 8C, overnight and were then processed for wax sectioning. Homozygous Shh mutant embryos were readily identified by their abnormal head shapes. Homozygous Pax3 mutant embryos were identified on the basis of spina bifida.
Genotyping the Six1
K/K and Six1 C/K mice and embryos were performed as described by (Laclef et al., 2003a) .
X-gal staining of mouse embryo
Embryos were dissected in PBS, fixed in 4% paraformaldehyde for 3 h, washed twice in PBS and then stained in 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) staining solution (1 mg/ml X-gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 and 2 mM MgCl 2 in PBS at 37 8C.
In situ hybridization to tissue sections or wholemounts and immunohistochemistry
Embryos were fixed and processed for in situ hybridization to tissue sections as previously described (Delfini and Duprez, 2004) . The antisense digoxigenin-labelled mRNA probes, were prepared as described: mSix1 (Laclef et al., 2003a) ; mMyoD, cMyoD, cSix1 (Delfini and Duprez, 2004) ; mScleraxis (Brown et al., 1999) ; cScleraxis, (Edom-Vovard et al., 2002) , cShh (Duprez et al., 1999) . Differentiated muscle cells were detected on sections by using the monoclonal antibody MF20 (Developmental Hybridoma Bank, University of Iowa).
Grafting Shh-expressing cells in chick limbs
Shh-expressing cells were prepared for grafting as described by Duprez et al. (1999) . Pellets of approximately 100 mm in diameter were grafted to the anterior margin of the wings of chick embryos at stage HH 19/20 of development. Embryos were harvested and processed for in situ hybridization to wholemount embryos, 4, 24 and 48 h after grafting.
